Abstract. Although EphA3 expression has been associated with progression or prognosis in several types of tumors, the role of EphA3 in hepatocellular carcinoma (HCC) remains unknown. This study sought to investigate the clinicopathological and prognostic relevance of EphA3 expression in HCC as well as the underlying mechanisms responsible. EphA3 protein was mainly localized within the cytoplasm and at the cell membrane. High EphA3 expression was correlated with tumor size, tumor grade, metastasis, venous invasion and AJCC TNM stage (P<0.05), and patients with high levels of EphA3 expression were at a significantly increased risk for shortened survival time (P<0.05). In vitro, the downregulation of EphA3 expression decreased the invasive capacity of HCC cells via the regulation of VEGF. EphA3 may represent a novel candidate marker for patient prognosis as well a molecular target for HCC therapy.
Introduction
Although the mortality rate for hepatocellular carcinoma (HCC) has decreased, it is still one of the most common forms of cancer in China. Even with the advancement in diagnostic tools, surgical techniques and chemotherapy, a complete cure for HCC has not yet been achieved. Therefore, new diagnostic tools, novel therapeutic methods and new molecular markers of prognosis concerning this disease are urgently needed.
During cancer cell development, genes that encode oncoproteins, tumor-suppressors, and their regulators can be stochastically acquired and selectively accumulate mutations. Receptor tyrosine kinases (RTKs) are important regulators of signal transduction pathways and promote cell growth, survival, invasion and motility in tumors (1) . Dysregulation of RTKs through mutation, amplification or overexpression, can increase kinase activity and ultimately oncogenic transformation. The generality of this paradigm of gain-of-function RTK signaling in cancer has been recently challenged by the discovery of the dual roles of Eph receptors in both promoting and inhibiting oncogenesis and tumor progression. Eph receptors constitute the largest subfamily of RTKs by far (2) (3) (4) . A strikingly complementary pattern of expression between Ephs and ephrins in apposed cellular compartments has been observed in developing rhombomeres (5) , along neural crest migration pathways (6) and in tissues throughout the entire developing mouse embryo (7) . In contrast to most other RTKs, activation of Eph receptors does not typically lead to a proliferative response in cells, but rather to changes in cell shape, movement (2) and cell adhesion (8, 9) . Numerous studies have reported that various Eph receptors are abnormally expressed in cancer. It has been confirmed that EphA1 protein is significantly associated with depth of invasion of gastric cancer, and patients with EphA1 upregulation experience a shorter survival time (10) . Other studies suggest that the expression of EphA2 is higher in gastric cancer than that in normal mucosa, and is positively correlated with tumor TNM stage (11, 12) . Overexpression of EphA7 has been observed more often in advanced gastric cancer, and EphA7 may have roles in the pathogenesis and development of gastric cancer (13) . Several studies have shown that EphA3 expression is aberrantly regulated in hepatic cancer, lung cancer, renal cancer, colorectal cancer, melanoma and sarcoma (14) (15) (16) (17) . However, the relationship between EphA3 expression and survival in HCC patients has not been explored.
The present study used immunohistochemistry to investigate EphA3 protein expression and was the first to examine the potential relationship between EphA3 protein expression and 
Immunohistochemistry and evaluation of staining.
Immunohistochemistry was performed using the avidin-biotinperoxidase method for all tissues. All sections were deparaffinized in xylene and dehydrated through a graded alcohol series prior to the blockade of endogenous peroxidase activity using 0.5% H 2 O 2 in methanol for 10 min. Nonspecific binding was blocked by incubating the sections with 10% normal goat serum in PBS for 1 h at room temperature. Without washing, the sections were incubated with an anti-EphA3 antibody (1:50) in PBS at 4˚C overnight in a humidified chamber. Biotinylated IgG (1:200; Sigma) was then added, and the sections were incubated for 2 h at room temperature. Detection was performed using a streptavidin-peroxidase complex. The brown color indicative of peroxidase activity was obtained by incubating with 0.1% 3,3-diaminobenzidine (Sigma) in PBS with 0.03% H 2 O 2 for 10 min at room temperature. The tissue specimens were scored independently by two pathologists, who were blinded to the clinicopathological results and patient outcome, using a previously described immunoreactivity scoring system (18) . Based on the score, we divided all HCC specimens into 2 subgroups: the low expression group (score of 0-4) and the high expression group (score of 5-12).
Small interfering RNA transfection. According to the protocol supplied with the Lipofectamine 2000, HepG2 and MHCC97H cells were transfected with either EphA3 siRNA or control siRNA. siRNA-transfected cells were seeded into 6-well cell culture plates at a density of 1x10 5 cells/well. The cells were allowed to grow for an additional 24 h and were then harvested for further analysis.
Real-time reverse transcription-PCR.
Total RNA was extracted and reverse-transcribed. The primers used for the PCR reaction were as follows: EphA3 forward primer (5'-CCA TGGACTGCCCAGCTGCC-3') and reverse primer (5'-CCT TGCGGCTGCACTGGTGA-3'); and GAPDH forward primer (5'-AAATCCCATCACCATCTTCC-3') and reverse primer (5'-TCACACCCATGACGAACA-3'). The primer sequences were verified by running a virtual PCR, and the primer concentrations were optimized to avoid primer-dimer formation. Additionally, dissociation curves were evaluated to avoid nonspecific amplification. Real-time PCR amplifications were performed using an Mx4000 Multiplex QPCR System (Stratagene, La Jolla, CA, USA) with 2X SYBR-Green PCR Master Mix (Applied Biosystems). Data were analyzed according to the comparative Ct method and were normalized to GAPDH expression in each sample.
Protein extraction and western blotting. The cells were lysed in lysis buffer [50 mmol/l Tris (pH 7.5), 100 mmol/l NaCl, 1 mmol/l EDTA, 0.5% NP40, 0.5% Triton X-100, 2.5 mmol/l sodium orthovanadate, 10 µl/ml protease inhibitor cocktail, and 1 mmol/l PMSF] by incubating for 20 min at 4˚C. The protein concentration was determined using the Bio-Rad assay system (Bio-Rad, Hercules, CA, USA). Total proteins were fractionated using SDS-PAGE and transferred onto nitrocellulose membranes. The membranes were blocked with 5% nonfat dried milk or bovine serum albumin in 1X TBS buffer containing 0.1% Tween-20 and then incubated with the appropriate primary antibodies. Horseradish peroxidase-conjugated anti-rabbit or anti-mouse IgG was used as the secondary antibody, and the protein bands were detected using the enhanced chemiluminescence detection system (Amersham Pharmacia Biotech). Quantification of the western blotting was performed using laser densitometry, and relative protein expression was then normalized to GAPDH levels.
Invasion assays. Cell invasion was analyzed using Matrigelcoated Transwell cell culture chambers (8-µm pore size) (Millipore, Billerica, MA, USA). Briefly, the treated cells (5x10 4 cells/well) were serum-starved for 24 h and plated in the upper insert of a 24-well chamber in serum-free medium. Medium containing 10% serum as a chemoattractant was then added to the wells, and the cells were incubated for 24 h. Cells on the upper side of the filters were mechanically removed using a cotton swab, after which the membrane was fixed with 4% formaldehyde for 10 min at room temperature, and stained with 0.5% crystal violet for 10 min. Finally, invasive cells were counted at x200 magnification from 10 different fields in each filter.
ELISA assay. The enzyme-linked immunosorbent assay (ELISA) technique (Amersham, Buckinghamshire, UK) was used to quantify the activity of VEGF. The samples were thawed on ice, and all reagents were equilibrated to room temperature. All assays were carried out according to the manufacturer's instructions.
Statistical analysis. Statistical analysis was performed using SPSS 13.0 software (SPSS, Inc., Chicago, IL, USA). Each experiment was repeated at least 3 times, and all data were summarized and presented as the means ± SDs. The differences between means were statistically analyzed using a t-test. The χ 2 test for proportions was used to analyze the relationship between EphA3 expression and various clinicopathologic factors. Survival curves were calculated using the Kaplan-Meier method and compared using the log-rank test. Cox proportional hazard analysis was used for univariate and multivariate analysis to explore the effect of clinicopathological factors and the EphA3 expression on survival. P-values <0.05 were considered to indicate statistically significant results.
Results
EphA3 immunohistochemistry. EphA3 expression was mainly localized within the cytoplasm and at the cell membrane. No significant EphA3 expression was noted in the adjacent non-cancerous hepatic tissues, with only weak staining for EphA3 at the cell membrane and in the cytoplasm. As shown in Fig. 1 were used to evaluate the overall survival rates of patients with HCC in comparison to their levels of EphA3 expression. The log-rank test showed that survival time was significantly different between the low and high EphA3 expression groups (P<0.001). The low EphA3 expression group demonstrated increased survival, whereas the high EphA3 expression group demonstrated reduced survival (Fig. 2) . The cumulative 5-year survival rate was 31.2% in the low EphA3 expression group, whereas this rate was only 13.6% in the high EphA3 expression group.
A univariate Cox regression analysis also found that tumor grade, metastasis, venous invasion, satellite lesions, AJCC TNM stage and EphA3 protein expression were significantly associated with overall survival (Table II) . Furthermore, to evaluate the potential of high EphA3 expression to serve as an independent predictor for overall survival among HCC patients, multivariate Cox regression analyses were performed. The results indicated that only metastasis and EphA3 expression could predict overall survival among HCC patients (Table II) . Table I . Association of EphA3 expression with clinicopathologic factors of the HCC patients. 
EphA3 ------------------------------------------------------------------

Downregulated expression of EphA3 by siRNA reduces the invasiveness of HCC cells. Since high expression of EphA3
was strongly correlated with metastasis (P=0.003) and venous invasion (P=0.008), we next sought to determine whether EphA3 was involved in invasion and metastasis in HCC. We first examined the expression levels of EphA3 in different HCC cells with different invasive capabilities. As another study reported, the invasive capacity of HepG2 cells was the lowest, whereas the invasive capacity of MHCC97H cells was the highest (19) . RT-PCR and western blot analysis showed that the expression levels of EphA3 mRNA and protein exhibited similar increased tendencies related to the invasive capability ( Fig. 3A and B) in HCC cells. In HCC cells, siRNA was used to effectively decrease the expression of EphA3 mRNA and protein (Fig. 4A-C) . Using Transwell cell culture chambers, we measured the invasiveness of EphA3 siRNA-transfected cells. As illustrated in Fig. 4D , the number of EphA3 siRNA-transfected HepG2 cells that migrated through the Transwell was significantly less than the number of control siRNA-transfected cells that migrated. In addition, the use of MHCC97H cells showed similar results (Fig. 4D) . Thus, these data indicated that the downregulation of EphA3 by siRNA reduced the invasive capacity of HCC cells.
Downregulation of EphA3 decreases the protein expression and proteolytic activity of VEGF.
To determine the potential mechanism for the role of EphA3 in HCC cell invasion, we examined the effect of decreased EphA3 on VEGF. Using western blotting and ELISA, we found that the protein expression levels and proteolytic activity of VEGF were decreased in EphA3 siRNA-transfected HepG2 cells ( Fig. 5A and B) . In addition, the use of MHCC97H cells showed similar results ( Fig. 5A and C) . These results indicated that EphA3 may participate in HCC cell invasion by regulating the expression and activity of VEGF. However, additional studies are needed to address why EphA3 can regulate protein expression levels and proteolytic activity of VEGF.
Discussion
Tyrosine kinases, which are the major regulators of signal transduction pathways, are associated with cellular proliferation, apoptosis and tumorigenesis (20) . Eph receptor tyrosine kinases (Ephs) and their membrane-anchored ephrin ligands (ephrins) form a cell-cell system that is associated with cell-tocell adhesion or migration, angiogenesis and tumor vasculature in various human carcinomas (21, 22) . During adulthood, many Ephs and their ligands (ephrins) are expressed in malignant tissues and are thought to participate in tumor invasion and metastasis (23, 24) . EphA3 is a component of the Eph/ephrin tyrosine kinase system, which participates in blood vessel development (25) and play a potentially significant role in tumor angiogenesis (26) . Changes in EphA3 are likely to produce particular morphological and biological characteristics, such as cell growth and viability, loss of cell adhesion to fibronectin, cell migration and anti-apoptosis. Considerable evidence indicates that aberrant regulation of EphA3 and its genetic alterations are implicated in the development and progression of various types of cancers (27) (28) (29) (30) . Studies have shown that EphA3 expression is detected in B-and T-lymphoid tumor cell lines and in primary leukemias (31) and is associated with B-and T-cell malignancies (32) (33) (34) . Furthermore, it has been reported that EphA3 is overexpressed in a range of tumors, such as lung cancer, renal cancer, colorectal cancer, melanoma and sarcoma (14, 15, 17) . EphA3 expression was significantly higher in colorectal carcinoma than that in normal mucosal tissue and was associated with patient survival (17) . However, the relationship between EphA3 expression and survival in patients with HCC remains unknown. In the present study, we examined the expression of EphA3 by immunohistochemistry in HCC samples. Our results revealed that high levels of EphA3 expression in HCC tumor tissues were correlated with tumor size, tumor grade, metastasis, venous invasion and TNM stage, each of which is an indication of advanced tumor status. These results strongly suggest that EphA3 may play a key role in the progression of human HCC. Prognostic molecular biomarkers are invaluable for evaluating patient status and promoting tumor control. Kaplan-Meier analysis of the survival curves from patients in the present study showed a significantly worse overall survival rate for patients whose tumors had high EphA3 expression levels (log-rank test, P<0.001), indicating that high levels of EphA3 protein may serve as a marker of poor prognosis for patients with HCC. Moreover, the multivariate analysis found EphA3 expression to be an indicator of worse patient outcome, independently of known clinical prognostic indicators such as TNM stage. These data suggest that high EphA3 expression is correlated with worse patient outcome and may serve as an independent prognostic factor for patients with HCC.
One significant finding of the present study was that metastasis and venous invasion were detected more frequently in EphA3-positive tumors compared to EphA3-negative cases. Invasion and metastasis are the processes by which tumors spread from the location of the primary tumor to distant locations in the body. These processes include a series of sequential steps, including tumor-induced angiogenesis, tumor invasion and establishment of metastatic foci at the secondary site involving various molecules (35, 36) . One important molecule involved in tumor cell invasion and metastasis is VEGF. The expression of VEGF is commonly found to be upregulated in tumors and there is a trend toward an association between expression of VEGF and distant metastasis. Investigations by other laboratories have shown that VEGF promotes migration and invasion of tumor cells (37, 38) . Angiogenesis plays an important role in tumors from the initial stage of carcinogenesis to the end stage of metastatic disease (39) . The development of neovasculature in the tumor provides essential functions for growth, invasion and metastasis. VEGF is one of the isolated angiogenic peptides and is the most well-studied angiogenic factor to date. Moreover, VEGF is known to play a vital role in tumor-associated invasion (40, 41) . In the present study, we showed that the invasive capabilities of EphA3 siRNA-transfected HCC cells were decreased and that the downregulation of EphA3 decreased the protein expression and proteolytic activity of VEGF. These results suggest that in HCC cells, the EphA3-VEGF axis may participate in tumor cell invasion. However, further study is necessary to elucidate the mechanism of the EphA3-VEGF interaction in HCC.
In summary, our findings strongly suggest that high levels of EphA3 expression significantly correlate with tumor progression and an unfavorable patient prognosis. In vitro, downregulation of EphA3 expression decreased the invasiveness of HCC cells via the regulation of VEGF. Therefore, EphA3 may be regarded as not only a novel candidate marker for prognosis but also a molecular target for HCC therapy. However, the underlying mechanisms responsible for these observations require further elucidation.
